Abstract. We conducted a comparative population genetic analysis of levels of genetic variation and its geographical structuring in three closely related species of grasshopper that co-occur in the Mediterranean Basin: Calliptamus italicus, C. barbarus and C. wattenwylianus. In the western part of their distributions 5 populations of C. italicus, 13 of C. barbarus and 10 of C. wattenwylianus were sampled. Bootstrap re-sampling of populations and microsatellite loci within each species indicated a lower level of genetic diversity and higher level of genetic differentiation in C. barbarus, which is less of an outbreak pest species than either of the other Calliptamus species studied. This may be due to lower effective sizes of non-outbreak populations and/or lower gene flow among them.
INTRODUCTION
Locusts and grasshoppers of the family Acrididae (Orthoptera) are among the most devastating pests of pastures and crops in many parts of the World (Steedman, 1988; Latchininsky et al., 2011) . Periodically there are huge increases in the local abundance of locusts, with individuals actively aggregating and forming migratory bands and swarms that are highly destructive (Uvarov, 1966 (Uvarov, , 1977 Belayneh, 2005; Magor et al., 2008; Sword et al., 2010) . The most notorious locust species is the Desert locust, Schistocerca gregaria gregaria (Forskål, 1775) , with a huge distribution spanning Africa and the Middle East. This species in Africa damages crops over an area of 14 million ha (Lecoq, 2003) . The high propensity for migration and capacity for long distance dispersal of gregarious Desert locusts are illustrated by recurrent reports of swarms observed flying 100 km or more downwind in 9 or 10 h (FAO, 1994) .
In contrast to swarming locusts, other grasshopper pests can cause more chronic and local yield losses. Grasshopper pests of major importance occur world-wide, for example, the Senegalese Grasshopper Oedaleus senegalensis (Krauss, 1877) in the entire Indo-Saharan zone, the Rice Grasshopper Oxya hyla (Serville, 1831) in the tropical areas of the Old world, Dichroplus maculipennis (Blanchard, 1851) in South America (COPR, 1982) and Calliptamus italicus (Linné, 1758) from the Mediterranean Basin to central Asia (COPR, 1982) . As an illustration, areas invaded by the latter species during outbreaks are 80,000 ha in South Western France and over 420,000 ha in the area of the Aral sea (Latchininsky & Gapparov, 1996) .
Assessing how the ecological features (intrinsic to population) can structure intraspecific genetic variation has been attempted in some locust species (Zheng et al., 2006; Chapuis et al., 2008; Zhang et al., 2009) . Life histories of locusts are characterized by high fecundity and mobility, which are both likely to result in a low population genetic structure. The propensity to outbreak itself may play a major role in homogenizing genetic variation, even at a continental scale (Chapuis et al., 2009) . Such a high level of gene flow may result from changes in migratory behaviour shown by locusts in the gregarious phase, which is induced by crowding (Pener & Simpson, 2009; Simpson & Sword, 2009; Simpson et al., 2011) . Alternatively, but non-exclusively, outbreak locust populations may have extremely large effective population sizes, thereby strongly reducing the rate of genetic drift and differentiation (Chapuis et al., 2011) . Despite the possible implications for management, the patterns of genetic variation in natural populations and how they relate to intrinsic factors are rarely investigated in nonlocust grasshopper pests. However, the population dynamics and structure of non mass-migrating grasshoppers are likely to differ from that of locusts.
Species belonging to the genus Calliptamus spp. (Orthoptera: Acrididae) provide a good biological model for studying levels and geographical structuring in the genetic variation in grasshopper pests. The genus includes fifteen species world-wide (COPR, 1982) . Amongst them, C. italicus (Linné, 1758), C. barbarus (Costa, 1836) and C. wattenwylianus (Pantel, 1896) are syntopic across the western part of Mediterranean Basin. C. italicus and C. barbarus have the widest distributions, from the Mediterranean Basin to southern Siberia, whereas C. wattenwylianus is recorded only along the Mediterranean coasts of France, Spain, Morocco and Algeria. Morphological discrimination between the juvenile stages and adult females of these three closely related species is ambiguous, whereas adult males can be identified based on the shape of their wings and pallium (Jago, 1963; Harz, 1975) . However, the three species can be easily differentiated genetically, with sequence divergences in Cytochrome Oxidase I mtDNA estimated to be over 3% (Blanchet et al., 2010b) . These three species of grasshopper damage crops (COPR, 1982) and share some general ecological features, such as, a one-year generation time, a seasonal diapause, feed on grass (Poacea) (Chopard, 1951) and a moderate dispersal ability (Reinhardt et al., 2005) . Given that these three species co-occur and are closely related, ecological and evolutionary factors that affect one species are likely to affect the others, therefore a comparison of these species might provide insights into the relative importance of the factors that shape genetic structuring (McCoy et al., 2005; Brouat et al., 2007) .
Although the three species of Calliptamus studied are closely related, ecologically similar, and syntopic, previous studies report fine-scale differences between them in terms of ecological features and neutral genetic variation (see Fig. 1 ). Firstly, Blanchet et al. (2012) showed that at a scale of 70 km 2 between sites in Southern France, gene flow was restricted only in C. wattenwylianus, a species thought to be relatively sedentary compared to other congeneric species (Chara, 1987) . Indeed, Jago (1963) showed that C. italicus and C. barbarus have a higher wing/body length ratio, which is a reliable proxy of dispersal ability, than C. wattenwylianus. Secondly, the same fine-scale microsatellite study highlighted lower levels of genetic diversity in C. barbarus than in C. italicus and C. wattenwylianus. This result suggests that long-term effective sizes of populations of C. barbarus might be lower than those of the other species in the two locations studied. Interestingly, all three species are agricultural pests, but C. barbarus only causes slight damage to crops relatively rarely, whereas C. wattenwylianus and C. italicus are well known for the damage they do to crops in many countries (COPR, 1982) . In order to determine and generalize the local patterns across the species' respective ranges, more extensive population samples are required.
In this study, we sampled populations throughout the ranges in the distributions common to all three species. We then used microsatellite markers to assess whether the levels of intra-specific genetic variation and its geographical structuring differed in the three species of Calliptamus at this wide range scale. We collected samples from a total of 13, 10 and 5 populations of C. barbarus, C. wattenwylianus and C. italicus, respectively (with 10 to 68 individuals per sample). Henceforth in the text, these species will be referred to as CB, CW and CI, respectively. Areas sampled for the three species were relatively similar in size. Distances between the populations of C. barbarus and C. wattenwylianus sampled were similar, ranging from 30 km to 1300 km and from 30 km to 1700 km, respectively. For C. italicus the geographical distances between populations ranged from 30 km to 410 km except for pairs that included the Uzbekistan population, which is a very long way from where most of the populations were sampled in the western part of their ranges (about 4500 km).
In terms of outbreak history, most C. barbarus outbreaks are reported in the eastern part of its distribution (COPR, 1982) and more recently slight damage has been recorded by this species in North Africa (Doumandji et al., 1993) , two regions not included in the area sampled for this species. In contrast, outbreaks of C. italicus are recorded across most of its wide range, in particular in the western Mediterranean region, including Spain, Italy and France (del Cañizo, 1940; Alléguède, 1946; Louveaux et al., 1988; Buzzetti et al., 2005) . C. wattenwylianus is a very important crop pest, but because of its more restricted geographical distribution, its damage is limited to the southern part of the area we sampled, which includes Spain (E. Muniez, pers. comm.) and North Africa (Doumandji et al., 1993 ) (e.g. localities Sp2, Sp3 and Alg; Fig. 1 ).
Samples were genotyped using seven microsatellite loci for C. barbarus (CB18, CB8, CB14, CB1, CB2, CB9, CB17), six for C. italicus (CB18, CB8, CB14, CI9, CI2 CI11) and three for C. wattenwylianus (CB18, CB14, CI9) (Blanchet et al., 2010a) . Note that microsatellite primer pairs used for CW were all designed from the closely-related species (CB and CI); similarly, half of the microsatellite primer pairs used for CI were designed from CB. Two microsatellite loci were amplified across all three species (CB18 and CB14). For detailed information about microsatellite markers and PCR conditions, see Blanchet et al. (2010a) . When samples failed to amplify at some loci, replicate PCRs were conducted for these loci. Note that loci were not the same for all species and were in a limited number. Therefore, we did not avoid locus-specific effects on genetic structure and diversity, and our results should be evaluated with caution.
Linkage and Hardy-Weinberg equilibria
We tested for linkage disequilibrium between each pair of microsatellite loci and within each population by using G-exact tests in Genepop 4.0 (Rousset, 2008) . Hardy-Weinberg equilibrium (HWE) was tested for each locus and within each population using Genepop 4.0 (Rousset, 2008) . We also used the program Microchecker (van Oosterhout et al., 2006) to evaluate whether the presence of genotyping errors may explain hetero- zygote deficiencies. Some DNA samples failed to amplify some loci, suggesting the presence of null alleles. Frequencies of null alleles were estimated using FREENA (Chapuis & Estoup, 2007) and the Expectation-Maximization algorithm of Dempster et al. (1977) . When applicable, multiple tests were controlled for the False Discovery Rate by using R-Library robust-FDR (Pounds et al., 2006) . This holds for the following section as well.
Genetic variation within populations
We estimated the allelic richness corrected for sample size (Ar) using the hierarchical rarefaction approach implemented in HP-RARE (Kalinowski, 2004) . Rarefaction was performed using a random sample of 14 gene copies from each population of each species (i.e. 7 diploid genotypes, the minimal number of individuals with a non-blank single-locus genotype over all populations and loci). Expected heterozygosities (He; were estimated over all loci using Geneclass2 (Piry et al., 2004) . The presence of null alleles result in underestimates of the statistics traditionally used to summarize genetic variation within populations, but this bias is lower for He and Ar, particularly for large levels of genetic diversity (Chapuis et al., 2008a) . We randomly re-sampled populations and loci (10,000 iterations with replacement) within each species genotype dataset using a personal program written in Delphi to assess confidence intervals of the expected heterozygosity and allelic richness for a minimum sample size of 14 gene copies.
Genetic variation among populations
Genotypic differentiation between populations was tested using G-tests with Genepop 4.0.
The levels of global and pair wise population differentiation were quantified by estimating Fst values of Weir (1996) , using the ENA method developed by Chapuis & Estoup (2007) available in FREENA. This method excludes the upper bias that null alleles induce in the Fst calculation. The global estimates are hereafter referred to as Fst(ena), and their confidence intervals were generated by 10,000 bootstrap re-samplings across loci for each species. In order to compare genetic structuring across species at a similar geographical scale, we also computed a global (Saitou & Nei, 1987) defining the relations among all the populations was constructed for each species using chord distance (Cavalli-Sforza & Edwards, 1967) and software TreeMaker2 (Cornuet et al., CBGP pers. comm.) . For producing the correct tree topology the chord distance is the most efficient genetic distance (Takezaki & Nei, 1996) as it is little affected by null alleles (Chapuis & Estoup, 2007) . Support for each node was assessed by bootstrapping based on 10,000 iterations. Branches were considered well-supported when bootstrap values were higher than 75%. The trees were graphically displayed using FigTree (v1.2.1., Rambaut, 2008) .
We then used the Bayesian analysis in the program BAPS 5.2 (Corander et al., 2003 (Corander et al., , 2008 to estimate the uppermost levels of population structure across the ranges of the species studied. This method clusters the populations sampled into panmictic clusters maximising Hardy-Weinberg and linkage equilibria within them. Because BAPS is better at discriminating gene pools in the presence of null alleles and not accepting more gene pools than there are in reality (Chapuis et al., 2008b) , we used the raw microsatellite data set uncorrected for null alleles. For each species, we generated 10 independent runs with the maximum number of clusters set to the number of populations sampled. Because the best partition and its log-likelihood obtained were similar across the 10 runs, we only report that for the first run.
Once the BAPS and NJ treatments determined the clusters of populations that exchanged migrants at a low level, we analyzed the sensible pattern of genetic variation among the populations grouped together within a cluster. In addition, isolation by distance (IBD) was estimated by regressing pairwise estimates of Fst(ena)/[1-Fst(ena)] against distance between sites sampled (Rousset, 1997). Mantel tests were performed to test the correlation between matrices of genetic differentiation and Euclidean geographical distance between the populations sampled using Genepop 4.0 (10,000 permutations) (Rousset, 2008) . Because of the poor performance of the exact tests based on only three loci for C. wattenwylianus we did not assess the IBD for this species.
RESULTS AND DISCUSSION

Null alleles
We did not detect any significant linkage disequilibrium between each pair of microsatellite loci and within each population (P > 0.37). For all populations and species, most loci deviated from HWE, with a deficiency of heterozygotes (0.0001 < P <0.6991). Microchecker (van Oosterhout et al., 2006) indicated the occurrence of null alleles at these loci (i.e. excluded genotyping errors as a source of deviation from HWE). On average across populations and species, two genotypes out of ~30 failed to amplify at only a few loci, suggesting the presence null alleles (Table 1) . Estimated frequencies of null alleles per (Table 1) . Such a high prevalence of null alleles are frequently reported in population genetic studies of grasshoppers (Zhang et al., 2003; Chapuis et al., 2005 Chapuis et al., , 2008a Kaatz et al., 2007; Berthier et al., 2008) , including those on species of Calliptamus (Blanchet et al., 2010a). We corrected for this by using methods developed recently to account for the effect of null alleles in the analysis of population genetics. Moreover, because mean null allele frequencies were relatively similar in the three species, we expect similar biases in the statistics of their descriptive genetics. Although we attempted to correct for the induced biases in our imperfect data, the results must be interpreted cautiously.
Levels of genetic diversity in three species of Calliptamus
The mean expected heterozygosities over loci (He) were high in all populations and species. In C. barbarus populations, they varied from 0.810 to 0.921 and averaged 0.882 (Table 1) . He averages in C. italicus and C. wattenwylianus populations were higher with the same value of 0.915 and ranged from 0.910 to 0.920 and from 0.872 to 0.952, respectively. Allelic richness (Ar), estimated for a minimum sample size of 14 gene copies, averaged 8.2 alleles per locus in C. barbarus populations, with a range of 6.9 to 9.1, and a similar value of 9.0 alleles per locus was recorded for C. italicus and C. wattenwylianus. Ar values ranged from 8.8 to 9.2 alleles per locus in populations of C. italicus and 8.4 to 10.4 alleles per locus in those of C. wattenwylianus.
The re-sampling distributions of both He and Ar were partly overlapping across the three species (Fig. 3) . However, for both of these genetic diversity statistics, the 2.5 percent quartile estimates for the C. wattenwylianus and C. italicus distributions were higher than the mean estimates and low ranges of the C. barbarus distributions. The C. barbarus populations from "F3" and "F14" localities, where C. wattenwylianus and C. italicus were not sampled, might have partly contributed to the lower levels of genetic diversity in this species (Table 1 ). However, all seven possible comparisons, using the same localities, showed consistently lower levels of genetic diversity in C. barbarus (see Table 1 ; C. barbarus versus C. wattenwylianus at F7, F8, F10, F13, and C. barbarus versus C. italicus at F7, F8, and F2). Furthermore, none of the seven C. barbarus microsatellite loci seemed to behave as an outlier, and both microsatellite loci common to all three species had lower values of genetic diversity measures in C. barbarus than in either C. italicus or C. wattenwylianus (see CB18 and CB14 in Table 2 ).
To summarize, the levels of genetic diversity, as measured by expected heterozygosity and allelic richness, tended to be lower in C. barbarus than in the other two species, which were strikingly similar in this respect. Because the sampling of C. barbarus was much more extensive than that of the other species, we cannot exclude that environmental factors or histories specific to a few populations, not included in the samples of the other species, might have contributed to the lower level of genetic diversity recorded for this species. Similarly, locus effects on genetic diversity might be expected. However, bootstrap re-sampling of populations and loci showed that the lower halves of the distribution of C. barbarus did not overlap the full distributions of the samples of the other two species. Moreover, the lower genetic diversity in C. barbarus populations remained when only the results for the same localities were compared (see Tables 1 and 2 ). This finding of a relatively lower genetic diversity in C. barbarus at the species range scale is consistent with what was previously recorded at a fine-scale based on individual samples collected during 2007 using the same sets of loci as in the present study (Blanchet et al., 2012) .
The lower estimates of genetic diversity for C. barbarus populations suggest that they had lower harmonic means of effective sizes (Motro & Thomson, 1982) , which primarily reflects effective population sizes during periods of low abundance (e.g. remission periods rather than outbreaks). Interestingly, C. barbarus causes less damage than either of the other Calliptamus species studied, which possibly also indicates that this species with chronically lower initial populations sizes might be less likely to reach the high numbers typical of outbreak events. Finally, the lower levels of genetic diversity recorded within local populations of C. barbarus may not only be accounted for by the lower effective sizes of its populations but also by lower gene flow among them (see Fig. 1 ). As discussed below, we found some evidence for higher genetic structure in C. barbarus.
Levels of genetic differentiation in the three species of Calliptamus
There was highly significant global genetic differentiation between the populations sampled of each of the species of Calliptamus (P-value < 0.005). Genetic differentiation tests were highly significant between most pairs of populations in the C. barbarus and C. italicus data sets (Tables 3 and 4) . Unlike in CB and CI, we detected significant genotypic differentiation in only three out of the 45 pair wise comparisons of samples from different populations of C. wattenwylianus (Table 5) . This very low level of significance could reflect little genetic differentiation among populations within this species. However, this lack of a clear differentiation between C. wattenwylianus' populations is likely to be partly explained by the low performance of the exact tests when only three loci are used. Indeed, twenty three of the 42 non-significant tests corresponded to CW sample pairs that had Fst values lower than 0.024 but greater than 0.005, a level of Fst for which exact tests with standard genotyping effort are considered to be powerful (Waples & Gaggiotti, 2006) (Table 5) .
Levels of global genetic differentiation, based on Fst (ena) for all populations, were higher in C. barbarus (0.036) than in C. italicus (0.023) and C. wattenwylianus (0.007). Bootstrap re-sampling of populations and loci showed that the distribution of the samples of C. wattenwylianus did not overlap the full distributions of the other two species (Fig. 3) . The trend for a difference between C. barbarus and C. italicus was weaker, but still the upper half of the distribution sample of C. barbarus was distinct from the full distribution sample of C. italicus. Moreover, for a particular ranges of distances between populations (i.e. from 30 km to 410 km; see Methods for further details), the distributions of the samples of C. barbarus and C. italicus do not overlap (Fig. 3) . At this small scale the distribution of C. wattenwylianus was wide and overlapped that of the other two species (see Fig. 3 ).
Tests and levels of genetic differentiation between C. wattenwylianus populations indicate that the presumed lower dispersal capacity of this species (Jago, 1963; see Fig. 1 ) did not translate into noticeably high levels of genetic differentiation. This result, which is based on a wide-scale study, is in contrast to the higher genetic structuring at a fine-scale recorded for this species by Blanchet (CW) . Above the diagonal are the p-values obtained using the G-test for genotypic differentiation followed by a FDR correction with alpha = 0.05 and below the diagonal, the Fst(ena) values (Chapuis & Estoup, 2007) . For C. wattenwylianus, confidence intervals were not computed because less than four microsatellites were genotyped). *** -highly significant. (2012) . These results should however, be evaluated with caution because very few microsatellite markers for this species were used in this study. Lack of statistical power for this species is indeed evident in the present study. This is not the case for C. barbarus and C. italicus, for which a standard number of markers were used. C. barbarus, which reaches outbreak levels less frequently than the other two species, had a higher Fst than C. italicus. However, the level of genetic differentiation between populations is maximized by homozygosity (Hedrick, 1999) , which was greater in C. barbarus. Hence, we checked that these results remain valid for a standardized measure of Fst (Meirmans, 2006) , calculated for genotype datasets that contain null alleles, following the method of Brouat et al. (2007) . The genetic differentiation measure remained higher in C. barbarus than in C. italicus at both a large scale (F'st(ena) = 0.36 versus 0. 32) and common scale (F'st(ena) = 0.14 versus 0.06). Moreover, we detected significant isolation by distance among the nine C. barbarus populations belonging to the main genetic cluster (P-value = 0.041, R² = 0.156 and see the central Mediterranean group in Fig. 4) . By contrast, no evidence of IBD was detected among the five populations of C. italicus (P-value = 0.1026; R² = 0.988).
Our results are in agreement with those of the intraspecific comparative survey of the outbreak locust, L. migratoria, which shows that genetic differentiation was substantially greater among non-outbreak populations than among outbreak populations (Chapuis et al., 2009) . In this locust, high population densities during outbreaks induce a phase change, which results in the indivuals aggregating and forming swarms. These important phenotypically plastic changes in traits of migratory behaviour of the gregarious phase in locusts may result in an increase in the rate and/or distance of effective migration by gregarious populations. This behavioural hypothesis is less likely to explain the greater gene flow recorded among populations of Calliptamus spp., in outbreak areas, which do not express phase polyphenism. Alternatively, populations of those species of Calliptamus that reach outbreak levels may produce a larger number of effective migrants than non-outbreak populations simply because they frequently experience high population densities (Chapuis et al., 2009 ).
Barriers to gene flow across the species' ranges
The BAPS analysis and Neighbour joining tree detected large-scale patterns in genetic population structure across the ranges sampled (Fig. 4) . BAPS revealed four population clusters in C. barbarus, two in C. italicus and one in C. wattenwylianus (Likelihood of the model = -13715.6, -7790.1, and -4723.9 respectively). In C. italicus, only the easterly distant population (i.e. from Uzbekistan) was separated from the core populations (i.e. central Mediterranean group). The main cluster of C. barbarus includes a set of populations widely distributed along the northern Mediterranean coast (see central Mediterranean group in Fig. 4) , which includes southern French populations from Hérault, Var, Pyrénées Orientales, Tarn, Aude and Bouches du Rhône (F10) departments and populations from Northern Spain (Sp). The relationships among these populations could not be resolved further (low bootstrap values in the NJ-tree, Fig. 4) , suggesting high levels of gene flow. Furthermore, two CB populations located inland and in the western part of the regions sampled in France were sorted into a separate single genetic group ' (1967) distances. Branches were considered well-supported when boostrap values (10,000 replicates) were higher than 75%. Populations with the same branch colour belong to the same genetic cluster as assessed by the Bayesian method of Corander et al. (2008) . Groups were defined using BAPS-clustering and NJ-tree analyses and are congruent in the case of the C. italicus population from Uzbekistan. See Fig. 2 for population abbreviations.
(see western inland group in Fig. 4) . Another genetic group included populations that were both geographically distant from the core populations and isolated either by the Mediterranean Sea (Corsica Island) or Alps (Italy) (Fig. 4) . These two populations were further identified as distinct genetic clusters by the BAPS analysis.
Strong bio-geographic effects of barriers, such as the Mediterranean Sea, in the case of the CB population on the Island of Corsica or Alps in the case of the Italian population, on gene flow were not surprising. However, it is interesting to note that the Spanish population was placed in the same genetic cluster as the French samples collected on the other side of the Pyrenean chain (see central Mediterranean group). Because C. barbarus is recorded at an altitude of 1300 m in the Pyrenees (Olmo Vidal, 2006) and at 2300 m in Afghanistan (Jago, 1963) , mountains may represent only weak ecological barriers to gene flow in this species and the Italian genetic cluster may also be explained by its distance from the area where most populations were sampled. C. italicus is also recorded at high altitudes (in Italy; Fontana et al., 2002) , but as only four French samples of this species were collected we were unable to effectively test its genetic structure along mountain barriers. Olmo Vidal (2006) did not find C. wattenwylianus at altitudes greater than 600 m. Thus, in this species, mountains might be a stronger barrier to gene flow, but this hypothesis remains to be tested. A proper identification of the bio-geographical barriers would require a more intensive sampling of populations in the Central and Eastern ranges of the three species.
